Remodeling of the extracellular matrix (ECM) occurs during antral follicle growth, and the plasminogen activators (PA) have been implicated in this process in rodents. In the present study, we measured the expression and secretion of PA and the PA inhibitor protease nexin-1 (SerpinE2) in antral and basal bovine granulosa cells from small (Ͻ6 mm), medium (6-8 mm), and large follicles (Ͼ8 mm) during 6 days of culture in serum-free medium. Casein zymography revealed that the cells secreted predominantly tissue-type PA (tPA) with urokinase (uPA) being associated mainly with cell lysates, and Western blot demonstrated that the cells secreted SerpinE2. Overall, secreted tPA activity was higher in cultures of cells from small follicles compared with large follicles, and secreted SerpinE2 levels were higher in cultures of cells from large follicles. In cultures of cells from small follicles, secreted tPA levels increased with time of culture for antral but not basal cells, and SerpinE2 levels increased with time for basal but not antral cells. In cultures of granulosa cells from large follicles, tPA activity increased significantly with time of culture, whereas SerpinE2 levels decreased. Cell-associated uPA activity decreased with time in cells from medium and large follicles. Reverse-transcription polymerase chain reaction and Northern blot analysis showed that SerpinE2 secretion was regulated largely at the transcriptional level, whereas tPA secretion was not. The data suggest stage-dependent regulation of granulosa cell PA and SerpinE2 production, consistent with a role in ECM remodeling during follicle growth.
INTRODUCTION
Ovarian follicular growth and development involve extensive tissue remodeling, cell proliferation, and differentiation [1] . Tissue remodeling involves a number of protease enzyme cascades, including the matrix metalloproteinases (MMP) and plasminogen activators (PA). Plasminogen activators are serine proteases that convert the abundant extracellular zymogen plasminogen into plasmin, an active protease that degrades components of the extracellular matrix (ECM) [2] . Two forms of PA, tissue type (tPA) and urokinase (uPA), have been described in mammals [3] and are products of the Plat and Plau genes, respectively. The type of PA secreted is species-and cell-specific. Although rat [4] [5] [6] and pig [7] granulosa cells secrete predominantly tPA, uPA secretion is predominant in mice and chicken granulosa cells [8] [9] [10] . In bovine preovulatory follicles, Plat mRNA was localized primarily in granulosa cells, whereas Plau mRNA was detected in granulosa and in theca cells [11, 12] .
One mechanism for the regulation of plasminogen activation is through the production of PA inhibitors (PAI). The three major inhibitors are PAI-1, PAI-2, and protease nexin-1 (PN-1) [13, 14] , encoded by the serine protease inhibitor (Serpin) family of genes [15] . In rodents and cattle, Serpine1 (encoding PAI-1) is expressed predominantly by theca-interstitial cells [16] [17] [18] . Serpinb2 encodes the weak inhibitor, PAI-2, and is expressed at low levels in the theca layer of hCG-treated rats and in cumulus and granulosalutein cells of hCG-stimulated human ovaries [19, 20] . In contrast to Serpine1 and Serpinb2, the gene encoding PN-1, Serpine2, is strongly expressed in granulosa cells of rats and cattle [9, 21, 22] .
The PAs and Serpins are widely considered to be important during the process of ovulation when proteolytic degradation of the follicle wall occurs. During final preovulatory growth in rats and monkeys, there are concomitant increases in granulosa cell Plat expression/tPA secretion and thecal Serpine1 expression/secretion. However, a few hours prior to ovulation there is a significant decrease in Serpine1 mRNA and protein levels, presumably resulting in an increase in net tPA activity that initiates the proteolytic cascade necessary for the degradation of the follicle wall [23, 24] . Periovulatory increases in PA activity/mRNA have also been described for pigs, sheep, and cattle [12, 25, 26] .
Tissue remodeling is also important for the growth and development of small follicles, as bovine follicles typically increase in size several hundred-fold between preantral and preovulatory stages. Studies in rats have shown that uPA is the predominant PA in small growing follicles, whereas tPA is predominant in preovulatory follicles [27, 28] , suggesting a role for uPA in early follicle growth. It is not clear if or how PA activity is regulated by inhibitors at this stage of follicle development, although available evidence suggests that SerpinE1 and SerpinB2 are not involved. In rats, Serpine1 expression was low in small growing follicles and increased as follicles differentiated [28] , consistent with the role in ovulation described above. Serpinb2 expression was not readily detected in bovine preovulatory follicles before the induction of ovulation by GnRH [18] . Interestingly, Serpine2 is highly expressed in small growing follicles in rats [9, 21] and in preantral and growing antral follicles in cattle [22] .
As SerpinE2 would appear to be the major PA inhibitor expressed in granulosa cells and in small growing follicles, we hypothesize that this member of the Serpin family plays a role in the remodeling of the membrana granulosa during follicle growth by regulating PA activity, mainly uPA. The objective of the present study was to measure Serpine2, Plau, and Plat expression and protein secretion from bovine granulosa cells at different stages of development. To do so, we employed an established cell culture system that permits long-term estradiol secretion in vitro and maintains the follicular phenotype of the cells [29, 30] .
MATERIALS AND METHODS

Cell Culture
The cell culture system was based on that described by Gutiérrez et al. [29] , with slight modifications [30] . All materials were obtained from Invitrogen Life Technologies (Burlington, ON, Canada) except where otherwise stated. Briefly, bovine ovaries were collected from adult cows, irrespective of stage of the estrous cycle, at a local abattoir and were transported to the laboratory in PBS at 35ЊC containing penicillin (100 IU/ml), streptomycin (100 g/ml), and fungizone (1 g/ml). Follicles were dissected from the ovaries, and those with obvious signs of atresia (avascular theca, debris in antrum) were discarded. Lightly adherent 'antral' granulosa cells from small (2-5 mm in diameter), medium (6-8 mm) , and large (Ͼ8 mm) follicles were released by dissection or aspiration; the adherent 'basal' granulosa cells were subsequently collected by repeatedly passing the follicle wall through a pipette. Cells were washed twice by centrifugation at 980 ϫ g for 20 min each and suspended in ␣-minimal essential medium containing Hepes (20 mM); sodium bicarbonate (10 mM); sodium selenite (4 ng/ml); BSA (0.1%; Sigma-Aldrich Canada, Oakville, ON, Canada); penicillin (100 IU/ml); streptomycin (100 g/ml); transferrin (2.5 g/ml); nonessential amino acid mix (1.1 mM); androstenedione (10 Ϫ7 M); insulin (10 ng/ml); 1 ng/ml FSH (AFP-5332B; National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD); and human recombinant insulin-like growth factor-I (IGF-I, 10 ng/ml). Cell viability was estimated with 0.4% trypan blue stain. Cells were seeded into 24-well tissue culture plates (Corning Glass Works, Corning, NY) at a density of 10 6 /well in 1 ml medium. Cultures were maintained at 37ЊC in 5% CO 2 in air, with 700 l medium being replaced every 2 days. Medium and cells were recovered on Days 2, 4, or 6 of culture. Medium samples were stored at Ϫ20ЊC until assay, whereas cells were collected in Trizol and stored at Ϫ70ЊC until RNA, DNA, and protein extraction.
RNA, DNA, and Protein Extraction and Quantification
Total RNA, DNA, and protein were extracted using Trizol according to the manufacturer's instructions. Total RNA was quantified by absorbance at 260 nm. Total DNA was quantified in duplicate by measuring fluorescence in the presence of bisbenzimide (Hoechst 33258) and compared with a calf thymus DNA standard (Sigma-Aldrich) curve. Total protein was measured by the Lowry assay [31] using BSA (Sigma-Aldrich) as standard.
Casein Zymography
Casein zymography was used to measure tPA and uPA activity in culture medium and granulosa cell extracts [12] . Briefly, samples were subjected to electrophoresis at 120 V for 90 min in 10% nondenaturing polyacrylamide gels containing 0.2% casein (Sigma-Aldrich), 0.1% SDS, and 3.75 mU/ml bovine plasminogen (Sigma-Aldrich). After electrophoresis, gels were washed once in 2.5% Triton X-100 for 45 min to remove SDS and placed in incubation buffer (50 mM Tris, 0.1 M NaCl, pH 7.6) at 37ЊC for 16 h with gentle shaking. The gels were then stained using 0.05% Coomassie blue in 10% acetic acid, 40% methanol for 2 h; destained in 10% acetic acid, 40% methanol; and then fixed in 10% glycerol. The identity of the enzymatic activities was investigated by comparing molecular size with human tPA (Calbiochem, Darmstadt, Germany) and uPA (NIBSC, Hertfordshire, UK) standards. Amiloride (1 mM), a specific inhibitor of uPA, was included in some gels. Plasminogen-free gels were used to confirm that the activity detected was plasminogen dependent. Bands of activity were visualized against a dark (blue) background as clear zones where casein degradation occurred. The volume of medium analyzed was corrected for cell number (total DNA). To correct for gel-to-gel variation, all samples were expressed relative to a control sample (spent medium from a culture of cells from small follicles) that was included in every gel.
Western Blot
SerpinE2 protein abundance was analyzed by Western blot. Media samples were concentrated by lyophilization (Dura-Dry MP Corrosion Resistant Freeze-Dryer, Stone Ridge, NY), and the volume analyzed was adjusted to correct for cell number. Samples were subjected to electrophoresis at 120 V for 90 min in 10% denaturing polyacrylamide gels. Proteins were then electrotransferred onto nitrocellulose membrane (0.45 m; BioRad, Hercules, CA) at 22 V overnight at 4ЊC in transfer buffer (39 mM glycine, 48 mM Tris-base, 0.037% SDS and 20% methanol, pH 8.3). After blocking for 1 h in TTBS (0.2% Tween 20, 10 mM Tris-HCl, 150 mM NaCl), blots were incubated with 1:5000 rabbit anti-bovine SerpinE2 [22] for 4 h with agitation, followed by three washes (10 min each) with 0.2% TTBS. The blots were then incubated with 1:2500 alkaline phosphataselinked anti-rabbit IgG (Sigma-Aldrich) for 1.5 h with agitation, followed by three washes (10 min each) with 0.2% TTBS. Finally, the blots were incubated with NBT/BCIP solution (Roche Diagnostics, Indianapolis, IN). Rainbow Coloured Protein Molecular Weight Marker (Pharmacia, Piscataway, NJ) was used to estimate molecular size of the target protein, and bovine follicular fluid (2 l) was used as positive control.
Semi-Quantitative Reverse-Transcription Polymerase Chain Reaction
Plau, Plat, and Serpine2 mRNA were assayed by reverse-transcription polymerase chain reaction (RT-PCR). Total RNA (1 g) was reverse transcribed in the presence of 0.2 mM oligo(dT) primer and 200 U SuperScript II (Invitrogen Life Technologies), 2.5 mM MgCl 2 , 0.5 mM dideoxy-nucleotide triphosphate (dNTPs) mix, and 10 mM dithiothreitol (DTT) in a volume of 50 l. The RNA samples were heated to 70ЊC for 10 min and added to the prewarmed (42ЊC) reaction mixture. The reaction was incubated for 50 min at 50ЊC, then for 15 min at 70ЊC. Residual RNA was removed by incubating 20 min at 37ЊC with 1 l of RNase H.
A duplex reaction was performed for Serpine2 in which both Serpine2 primers and primers for glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were amplified together for each sample, whereas Plau and Plat primers and Gapdh primers were amplified separately for each sample. The primers used were the following: Plau sense, 5Ј-GTCTGGTGA-ATCGAACTGTGGC-3Ј; antisense, 5Ј-GGCTGCAAACCAAGGCTG-3Ј [32] ; Plat sense, 5Ј-AAGGTTGCAGAAGAAGATGG-3Ј; antisense, 5Ј-GTGAGGCGGGTACCTCTCCTGGAA-3Ј [3] ; Serpine2 sense, 5Ј-TCC GTGACGTTGCCCTCTGTG-3Ј; antisense, 5Ј-CCGTGATCTCCACAAA CCCTT-3Ј [22] ; Gapdh sense, 5Ј-TGTTCCAGTATGATTCCACC-3Ј; antisense, 5Ј-TCCACCACCCTGTTGCTG-3Ј [33] .
An aliquot (0.4 l) of the reverse transcription reaction was amplified by PCR using 0.2 l (2.5 U) Taq Polymerase (Amersham Pharmacia Biotech Inc., Oakville, ON, Canada) in a 20-l PCR buffer (Amersham) containing 0.1 mM dNTP mix and 0.2 M specific primers. Target cDNA was amplified under the following conditions: 1) an initial denaturation step for 3 min (Plat) and 5 min (Serpine2, Plau) at 94ЊC; 2) amplification cycles with denaturation at 94ЊC for 30 sec, annealing for 45 sec at 65ЊC (Plau), 55ЊC (Plat), and 62ЊC (Serpine2), and elongation at 72ЊC for 1 min; and 3) final elongation at 72ЊC for 5 min.
Semiquantitative RT-PCR was validated for each gene product. Preliminary experiments verified that the PCR product increased with amount of RNA in the RT reaction. Reactions were performed for 30 cycles for Plau, 26 cycles for Plat and Gapdh, and for 24 cycles for Serpine2. The PCR products were separated on 1% agarose gels with 0.001% ethidium bromide and visualized under UV. Quantification of band intensity was performed with NIH Image software. Target gene mRNA abundance was expressed relative to Gapdh mRNA abundance.
Northern Blot
To verify the RT-PCR results, we performed Northern hybridizations on a subset of samples where the amount of RNA available permitted. The complete Serpine2 cDNA [22] was subcloned into pBK-CMV phagemid and digested by EcoRI and XhoI restriction endonuclease to generate radioactive probes. To prepare Plat and Gapdh cDNA probes, PCR products (see above) were cloned into pGEM-T Easy Vector (Promega, Madison, WI) and digested by EcoRI enzyme for Plat and by PvuII enzyme for Gapdh, respectively. The cDNA probes were labeled with [ 32 P]dCTP (DuPont NEN Research Products, Boston, MA) using the Random Primed DNA Labeling Kit (Roche), and purified by centrifugation through a Microspan S-200 HR column (Pharmacia).
Electrophoresis of 15 g total RNA, performed through a 1% denaturing formaldehyde-agarose gel, was followed by overnight capillary 889 SERPIN-E2 SECRETION FROM BOVINE GRANULOSA CELLS FIG. 1. Zymographic demonstration of PA activity in bovine granulosa cells cultured for 6 days in serum-free medium. PA activity in granulosa cell lysate (bGC) was compared with human (hum) tPA and uPA standards. These samples were run in a 10% nondenaturing PAGE gel. Specificity of PA activity was tested by running a cell lysate sample in a 10% gel in the absence (ϪAM) or presence of 1 mM amiloride (ϩAM) and in a plasminogen-free gel (ϪPL). Molecular weight markers (MW ϫ 10 transfer onto a nylon membrane (Hybond-N; Amersham). Membranes were UV cross-linked in a commercial UV chamber (Bio-Rad, Mississauga, ON, Canada) and incubated for 2 h at 65ЊC in prehybridization solution containing 5ϫ saline-sodium phosphate-EDTA buffer (SSPE), 5ϫ Denhardt solution, 0.5% SDS, 10% dextran sulfate, and 1% herring sperm DNA (10 mg/ml). Upon adding the purified probe, hybridization was carried out in hybridization buffer at 65ЊC overnight. After hybridization, membranes were washed in 2ϫ SSPE-0.1% SDS twice at room temperature and twice at 65ЊC (15 min each). The labeled membranes were exposed to Kodak X-Omat film (Eastman Kodak, Rochester, NY) at Ϫ70ЊC in the presence of an intensifying screen.
Statistical Analyses
Each experiment was carried out at least three times. Data are presented as mean Ϯ standard error of the mean (SEM). The data were analyzed by ANOVA with follicle size, day of culture, cell subpopulation, and culture replicate as main effects. Where main effects and/or interactions involving follicle size were found, effects of cell subpopulation and/ or day of culture on antral and basal cells were analyzed separately. Data were transformed to logarithms when not normally distributed. Means
RESULTS
To confirm the identity of PA activities observed, activities were examined in bovine granulosa cell lysates by zymography. Bovine tPA migrated slightly less (approximately 70 kDa) than the human standard (66 kDa) and was not inhibited by amiloride (Fig. 1) . Bovine uPA activity migrated at approximately 45 kDa (compared with 53 kDa for the human standard) and was attenuated by amiloride. No proteolytic activity was observed in plasminogen-free gels (Fig. 1) . Granulosa cells secreted predominantly tPA, with low and variable amounts of uPA being detected (Fig.  2) . Although it appeared that cells from small follicles secreted low amounts of uPA throughout the culture period and that cells from medium and large follicles secreted uPA mainly during the first 2 days of culture (see zymograph in Fig. 2C ), the proteolytic bands were too weak or too often absent for accurate quantification and analysis.
There were significant effects (P Ͻ 0.001) of follicle size and day of culture on secreted tPA activity. Overall, secreted tPA activity was higher from cells of small follicles compared with cells of medium and large follicles, and was higher on Day 6 of culture compared with Day 2. When tPA secretion from cells of small, medium, and large follicles were analyzed separately, there was a significant effect of cell subpopulation and an interaction between cell subpopulation and day of culture (P Ͻ 0.05) for cells from small follicles. Secreted tPA activity increased with time for antral cells, but there was no significant increase with time for basal cells ( Fig. 2A) . On Day 2 of culture, basal cells secreted significantly more tPA than did antral cells, whereas on Day 6 antral cells secreted slightly (P ϭ 0.06) more tPA compared with basal cells. There were significant effects of time in culture (P Ͻ 0.05) but not of cell subpopulation in cultures of cells from medium and large follicles (Fig. 2, B and C) .
There were no main effects of culture or follicle size on cellular tPA activity, but there were significant effects of time in culture and of follicle size for cellular uPA activity (Fig. 3) . Cellular uPA was significantly lower on Day 6 of culture than on Day 2 for cells from medium and large follicles (P Ͻ 0.01), but not from small follicles. There was no effect of cell subpopulation. (6-8 mm) , and (C) large (Ͼ8 mm) follicles. Granulosa cells were cultured with 1 ng/ml bFSH, 10 ng/ml insulin, and 10 ng/ml IGF-1 for 2, 4, or 6 days. A control sample (follicular fluid) was used to normalize the variation between blots. The loading volume was adjusted to correct for cell number. Inserts show representative blots. Data are leastsquares means (relative units) Ϯ SEM. Asterisks indicate differences between means (P Ͻ 0.05).
Abundance of Plat expression was measured by semiquantitative RT-PCR. There were no significant effects of follicle size, cell population, or time in culture (data not shown). RT-PCR results were verified by performing Northern analysis on two replicates of cultures from medium follicles (as there was sufficient RNA); there was a significant correlation between Northern and PCR data (r ϭ 0.6, P Ͻ 0.05, n ϭ 12). We could not detect Plau mRNA in samples from cultured granulosa cells after 30 cycles of PCR, although the positive control (uterus) provided a strong band at the expected size.
Granulosa cells from all follicle size groups secreted SerpinE2 as detected by Western blotting. There were significant main effects of cell population and follicle size, and an interaction between day of culture and follicle size (P Ͻ 0.01). Overall, cells from large follicles secreted more SerpinE2 compared with cells from small and medium follicles. SerpinE2 secretion from basal but not antral cells of small and of medium follicles increased with time in culture (Fig. 4, A and B ; P Ͻ 0.05), whereas SerpinE2 secretion from antral (and not basal) cells of large follicles decreased with time in culture ( Fig. 4C ; P Ͻ 0.01).
There were significant effects of time in culture and follicle size on Serpine2 mRNA levels, and an interaction between time and follicle size (P Ͻ 0.001). When data from different follicle sizes were analyzed separately, there were no main effects of time or cell population on Serpine2 mRNA levels in cells from small or medium follicles, but there was a significant decrease (P Ͻ 0.01) in Serpine2 mRNA with time in culture in cells of large follicles (Fig.  5) . RT-PCR results were verified by performing Northern analysis on two replicates of cultures from medium follicles (as there was sufficient RNA); there was a significant correlation between Northern and PCR data (r ϭ 0.65, P Ͻ 0.05, n ϭ 12). Overall, there was a significant correlation between SerpinE2 protein and mRNA levels (r ϭ 0.5; P Ͻ 0.01); when the data from different follicle sizes were analyzed separately there was a correlation between protein and mRNA for large (r ϭ 0.6, P Ͻ 0.01) but not small or medium follicles.
Estradiol secretion was significantly affected by follicle size, with interactions between follicle size and time and between follicle size and cell population. For cells of small follicles, estradiol secretion increased with time in culture for antral but not basal cells, whereas for medium follicles estradiol secretion increased with time for basal and not for antral cells (Fig. 6) . Estradiol secretion from cells of large follicles decreased significantly with time in culture ( Fig.  6 ; P Ͻ 0.01). There was a main effect of time in culture on progesterone secretion, and no main effects of follicle size or cell population; progesterone concentrations were consistently higher on Days 4 and 6 of culture compared with Day 2 ( Fig. 6 ; P Ͻ 0.05).
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and basal (solid bars) granulosa cells from (A) small (2-5 mm diameter), (B) medium (6-8 mm) , and (C) large (Ͼ8 mm) follicles. Granulosa cells were cultured with 1 ng/ ml bFSH, 10 ng/ml insulin, and 10 ng/ml IGF-1 for 2, 4, or 6 days. Serpine2 mRNA was expressed relative to Gapdh. Inserts show representative agarose gels. Data are least-squares means Ϯ SEM. Bars with different letters are significantly different (P Ͻ 0.05). Note the difference in scale of the y-axis for large follicles. 
DISCUSSION
This is, to our knowledge, the first study to describe the secretion of members of the PA system from granulosa cells at different stages of development in a nonrodent mammal. Bovine granulosa cells secreted predominantly tPA in culture, with very low amounts of uPA secreted. This is consistent with measurements of PA activity in bovine follicular fluid [12] . In rats, uPA has been described as a major secreted PA in some studies [3] , whereas it is low or absent in other studies [6, 34] . The present data show that, overall, secreted tPA activity was higher from cells of small and less differentiated follicles compared with that of the more differentiated medium and large follicles. This is in contrast to the lower level of tPA activity in undifferentiated versus differentiated rat follicles [27] and presents an important species difference in PA secretion at these stages of follicle growth. A species difference in tissue uPA and tPA activity between rodents and cattle has been described for the periovulatory period [12] .
Also novel is the measurement of secreted SerpinE2 from granulosa cells. Serpine2 mRNA and protein has previously been localized in rat [9, 21] and bovine [22] granulosa cells by in situ techniques, and has been detected by Western blotting in bovine follicular fluid [22] . During the first 2 days of culture particularly, granulosa cells of large follicles secreted more SerpinE2 than did cells from small follicles, in agreement with the relative intensity of immunostaining described in rat and cow follicles [21, 22] . As Serpine1 or Serpinb2 expression would not be expected in bovine granulosa cells until after the LH surge [18] , SerpinE2 is a candidate for the regulation of PA activity within the membrana granulosa of growing follicles.
The pattern of changes of secreted tPA and SerpinE2 differed. Secretion of tPA from antral cells of small follicles increased with time of culture, whereas SerpinE2 secretion did not change. Conversely, tPA secretion from basal cells did not change but SerpinE2 secretion increased. This difference may reflect the needs of the sublayers of granulosa cells. Although the separation of 'antral' and 'basal' may be simplistic, the basal cells are nearer the basal lamina and more firmly attached to ECM components than are antral cells. In sheep, there are immunocytochemical differences in the intensity of staining for fibronectin and collagen between antral and basal granulosa cells [35] . A difference between cell subpopulations was not seen in cells of medium and large follicles in the present study, potentially reflecting the changes in the basal lamina ECM that occur with follicle growth (reviewed in [36] ).
The most striking divergence between tPA and SerpinE2 secretion occurred with cells of large follicles, for which tPA secretion increased with time of culture and SerpinE2 secretion decreased. This would result in a net increase in extracellular PA activity. This is consistent with increases in Plat expression and protein secretion observed with rat granulosa cells [6] . The relationship between tPA and SerpinE2 is related to stage of follicle development, as tPA secretion from cells of medium follicles increased with time of culture in a manner very similar to that of large follicles, but SerpinE2 secretion did not decrease from cells of medium follicles. The most likely explanation is that the cells of large follicles undergo at least partial luteinization in culture, whereas those of medium follicles do not. This is indicated by the steroid data, which show that estradiol secretion decreases with time of culture from cells of large but not medium follicles, as previously observed with this cell model [29] . This is supported in part by data from studies of rats, which show increased Plat expression and enzyme activity during early development of the corpus luteum, and in granulosa cells following the ovulatory LH surge [3, 37] ; it is possible that some of the large follicles may have been periovulatory follicles, and thus exposed to elevated concentrations of LH in vivo. Further, there was increased expression of genes encoding collagen and the MMP inhibitor TIMP-1 during in vitro luteinization of bovine granulosa cells [38] , demonstrating that changes to the ECM occur during luteinization.
Another explanation is a change in the ECM that occurs during follicle growth, which may in consequence alter the amount and/or type of protease activity secreted and granulosa steroidogenesis. It has been shown that collagen type 1 levels within the granulosa cell layer increase significantly during follicle development in sheep [35] and that estradiol secretion from ovine granulosa cells of large follicles is inhibited when cultured in the absence of collagen [39] . Thus, the cells of large follicles in the present study may have an increased requirement for collagen type 1 that was not met by the culture conditions, resulting in reduced estradiol (but not progesterone) secretion ( [39] , present study). The cellular response to this collagen deprivation may therefore be a reduction in the normally high secretion of SerpinE2 in order to increase extracellular protease activity and alter the local ECM structure.
Steady-state levels of Serpine2 mRNA largely reflected secreted protein levels. Over the first 2 days of culture, Serpine2 mRNA levels were higher in cells of large follicles compared with those of small and medium follicles, consistent with data from Northern analysis in cattle [22, 40] . Similarly, the decrease in SerpinE2 secretion observed during culture of cells from large follicles was tightly coordinated with a decline in Serpine2 mRNA levels. Thus we conclude that SerpinE2 secretion is controlled at the transcriptional level, at least in vitro. This does not appear to be the case for PA, however, as consistent increases in secreted tPA activity were not correlated with Plat mRNA levels. Although the measurement of tPA activity may be confounded by inhibitor activity, we do not believe this to be the case in the present study for the following reasons. First, when SerpinE1 inhibits tPA activity, a reversible protein-protein complex is formed that is visible by zymography as an additional high molecular mass lytic zone [34] . Second, potential complexes between SerpinE2 and PA should also be visible on Western blots as an additional high molecular mass band. As we did not observe lytic or protein bands corresponding to a PA-inhibitor complex, we conclude that the majority of the PA activity and SerpinE2 protein measured in culture medium occurs in a 'free' noncomplexed state. Collectively, these data suggest that secreted tPA concentrations are controlled at the posttranslational level, possibly involving regulation of secretory mechanisms.
We were unable to detect Plau gene expression in bovine granulosa cells in vitro, and uPA was a minor secretory product. Most of the uPA activity was detected in cell lysates, most likely bound to the cell surface [3] . This is in agreement with the readily detectable uPA activity in cell lysates of the bovine follicle wall [12] . The decrease in secreted and cell-associated uPA in cells of medium and large bovine follicles in vitro is consistent with the developmental decrease seen in rats [27, 28, 41] . In cultures of cells from medium and large follicles, cell-associated uPA activity decreased with time of culture, whereas secreted tPA activity increased. It is not clear what effect this change would have on net PA activity in the ECM immediately surrounding the cell, nor the impact of altered SerpinE2 concentrations on local tPA and uPA activity.
In conclusion, we have demonstrated that secretion of tPA and SerpinE2 from granulosa cells and cell-associated uPA activity are regulated in a follicular stage-dependent manner in cattle. There appear to be several differences between rodents and cattle in terms of PA secretion, which makes generalization difficult, but a common theme is a decrease in granulosa cell uPA content as follicles develop. During the first 2 days of culture, this decrease in cellassociated uPA activity occurred as SerpinE2 secretion increased, suggesting a functional link between these two proteins during follicle development. As SerpinE2 is the only known PA inhibitor secreted by the granulosa cell layer, it may play an important role in tissue remodeling of this follicular compartment during early follicle growth.
